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The length of time that a quantum system can
exist in a superposition state is determined by
how strongly it interacts with its environment.
This interaction entangles the quantum state with
the inherent fluctuations of the environment. If
these fluctuations are not measured, the envi-
ronment can be viewed as a source of noise,
causing random evolution of the quantum sys-
tem from an initially pure state into a statistical
mixture—a process known as decoherence. How-
ever, by accurately measuring the environment in
real time, the quantum system can be maintained
in a pure state and its time evolution described
by a quantum trajectory1 conditioned on the mea-
surement outcome. We employ weak measure-
ments to monitor a microwave cavity embedding
a superconducting qubit and track the individual
quantum trajectories of the system. In this ar-
chitecture, the environment is dominated by the
fluctuations of a single electromagnetic mode of
the cavity. Using a near-quantum-limited para-
metric amplifier,2,3 we selectively measure either
the phase or amplitude of the cavity field, and
thereby confine trajectories to either the equa-
tor or a meridian of the Bloch sphere. We per-
form quantum state tomography at discrete times
along the trajectory to verify that we have faith-
fully tracked the state of the quantum system
as it diffuses on the surface of the Bloch sphere.
Our results demonstrate that decoherence can be
mitigated by environmental monitoring and val-
idate the foundations of quantum feedback ap-
proaches based on Bayesian statistics.4–6 More-
over, our experiments suggest a new route for
implementing what Schro¨dinger termed quantum
“steering”7—harnessing action at a distance to
manipulate quantum states via measurement.
If a quantum system and its environment share a com-
mon set of stationary states, then a measurement of
the environment ultimately leads to projection of the
quantum system onto one of its eigenstates. Numer-
ous experiments with photons8, atoms9, and solid state
systems10,11 have elucidated this process, enabling quan-
tum feedback4–6,12 and squeezing.13–16
Our experiment (Fig. 1a) employs a superconduct-
ing transmon qubit17 dispersively coupled to a copper
waveguide cavity in the “3D transmon” architecture.18
If only the two lowest levels of the transmon are con-
sidered, the qubit-cavity interaction is given by the
Hamiltonian Hint = −~χa†aσz, where a†(a) is the cre-
ation(annihilation) operator for the cavity mode, σz is
the qubit Pauli operator that acts on the qubit state in
the energy basis, and χ is the dispersive coupling rate.
This interaction can be viewed as either a qubit state
dependent shift of the cavity frequency of −χσz or a
light (or AC Stark) shift of the qubit frequency that de-
pends on the intracavity photon number nˆ = a†a. A
microwave tone that probes the cavity near its resonance
frequency acquires a qubit state dependent phase shift
(Fig. 1b). For |χ|  κ, where κ is the cavity decay rate,
the reflected signal component in quadrature with the
input measurement tone contains qubit state informa-
tion, and the signal component in phase with the mea-
surement tone carries information about the intracavity
photon number. After leaving the cavity, the signal is
displaced to the origin of the X1X2 plane by a coherent
tone and amplified by a near-quantum-limited Lumped-
element Josephson Parametric Amplifier (LJPA).3 Phase
sensitive operation of the LJPA permits noiseless ampli-
fication of one quadrature of the reflected measurement
signal with corresponding de-amplification of the other
quadrature.19,20
In principle, for an ideal amplifier which adds no noise,
the choice of measurement quadrature determines the
type of backaction imparted on a coherent superposition
of qubit states.21 When the amplified quadrature con-
veys information about the qubit state, the measurement
causes random motions of the qubit toward its eigen-
states, located at the poles of the Bloch sphere. From the
perspective of the qubit, the intracavity photon number
does not fluctuate. On the other hand, when the ampli-
fied quadrature indicates the intracavity photon number,
the phase of the coherent superposition evolves in re-
sponse to variations of the AC Stark shift of the qubit
and superpositions of the measurement eigenstates are
not projected.
We first focus on the case where the amplified quadra-
ture conveys qubit state information which we denote as
a “Z-measurement”. Figure 1d displays a single mea-
surement signal Vm(τ) =
1
τ
∫ τ
0
V (t)dt, where V (t) is
the instantaneous measurement voltage, that is obtained
when the qubit is initialized in a superposition state
(|0〉+|1〉)/√2 along the xˆ axis of the Bloch sphere. As the
measurement duration increases, information about the
qubit state accumulates. The best estimate for the state
of the qubit after a weak measurement can be obtained
by Bayes’ rule8,21,22 which relates the probability of find-
ing the qubit in state i, conditioned on the integrated
measurement value Vm,
P (i|Vm) = P (i)P (Vm|i)
P (Vm)
. (1)
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FIG. 1: Single quadrature weak measurements. a Our experiment consists of a superconducting transmon qubit dispersivley
coupled to a copper waveguide cavity with a coupling rate χ/2pi = −0.49 MHz. The cavity port sets the cavity decay rate of
of κ/2pi = 10.8 MHz. Signals that reflect off of the cavity are amplified by a Lumped-element Josephson Parametric Amplifier
(LJPA) operating with 10 dB of gain and an instantaneous bandwidth of 20 MHz. b Illustration of the Gaussian variance of
measurement signals with phases θ = 0 and pi/2 after reflecting off of the cavity with the qubit in the |1〉 state (red) and |0〉 state
(blue). c Illustration of the measurement signal after reflecting off of the LJPA. The amplifier is operated in phase sensitive
mode where small signals that are combined in phase(out of phase) with the pump tone are amplified(deamplified) and rotated
by pi/2. The backaction of the measurement on a qubit superposition state is indicated on the Bloch sphere. d A representative
integrated measurement signal Vm(τ) that is obtained when the qubit is prepared in an initial superposition state along the xˆ
axis of the Bloch sphere. The inset displays the instantaneous measurement voltage. e Histograms of Vm(τ = 1.8 µs) for the
qubit prepared in the |1〉 state (red) and |0〉 state (blue) for a measurement corresponding to θ = pi/2 with S = 3.2. The inset
displays S vs. n¯, with the solid line indicating the expected dependence for η = 0.49.
Probability distributions P (Vm|i) for the integrated mea-
surement value Vm are shown in Fig. 1e for the i =
{|0〉, |1〉} states. P (i) describes the knowledge of the prior
distribution and is 1/2 when the qubit is initialized along
xˆ. After acquiring a measurement value Vm, the state of
the system is described by,
ZZ = tanh(VmS/2∆V ), XZ =
√
1− (ZZ)2e−γτ . (2)
Here we define the expectation values of the Pauli op-
erators conditioned on measurement value Vm as X =
〈σx〉|Vm , Y = 〈σy〉|Vm , and Z = 〈σz〉|Vm . The super-
script Z denotes a Z-measurement. S = 64τχ2n¯η/κ is
the dimensionless measurement strength that depends on
the measurement duration, τ , the quantum efficiency of
the measurement, η, and the average intracavity pho-
ton number, n¯. S can also be related to the separation
of the measurement probability distributions for the |0〉
and |1〉 states (∆V ) and their Gaussian variance (σ2),
S = ∆V 2/σ2. We calibrate n¯ using the measured AC
Stark shift of the qubit frequency. From a linear fit of S
vs. n¯ (Fig. 1e, inset) we determine η = 0.49. For small
values of S, an individual measurement does not fully
determine the qubit state. When S  1, the histograms
are well separated and the qubit state can be determined
with very high confidence, corresponding to a projective
measurement.
The exponential decay of coherence in XZ in equa-
tion (2) reflects imperfect knowledge about the state of
the environment and leads to qubit dephasing character-
ized by the rate γ = 8χ2n¯(1 − η)/κ + 1/T ∗2 . The first
term in the dephasing rate reflects measurement induced
dephasing23,24 originating from the 1 − η of undetected
signal. The second term reflects extra environmental de-
phasing characterized by T ∗2 = 20 µs for the qubit.
We now discuss the case of a “φ-measurement” where
the the amplified quadrature is indicative of the fluctuat-
ing intracavity photon number. Each photon that enters
the cavity shifts the qubit phase by an average of 4χ/κ,
causing the phase of a coherent superposition of the qubit
|0〉 and |1〉 states to evolve. Given ∆V and S (obtained
from a separate Z-measurement), Vm can be used to in-
fer the total accrued phase shift. The evolution of X and
Y is then given by,
Xφ = cos(SVm/(2∆V ))e−γτ , (3)
Yφ = − sin(SVm/(2∆V ))e−γτ . (4)
The backaction associated with quadrature specific
amplification, as given by equations (2), (3), and (4),
is presented in Fig. 2. To verify these predictions, we
conduct an experiment consisting of three primary ac-
tions; we first prepare the qubit along the xˆ axis, then
we digitize the amplified measurement tone for 1.8 µs,
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FIG. 2: Correlation of tomography results with measure-
ment values. a Experimental sequence for determining XZ .
An initial strong measurement is used to herald the |0〉 state
followed by a rotation about the yˆ axis to prepare the qubit
along xˆ. A weaker measurement signal is digitized for 1.8 µs
and a final rotation and strong measurement is used to deter-
mine the qubit projection along xˆ. Similar sequences are used
to determine YZ and ZZ . b Tomography correlation proce-
dure. Different measurement values are indicated as different
colors, with the color coded histogram indicating the relative
probability of each measurement value. Boxes indicate the
measurement value Vm for each experimental repetition and
the associated tomography result is indicated as ±1. Tomog-
raphy results for matching Vm are averaged together to deter-
mine XZ . c Tomography results vs. Vm for a Z-measurement
for n¯ = 0.4. The dashed lines are theory curves based on Eq.
(2) for η = 0.49 and S = 3.15. d Tomography results for
a φ-measurement for n¯ = 0.46. The dashed lines are theory
curves based on Eq. (3) and (4) for η = 0.49 and S = 3.62.
and finally measure the projection of the qubit state
along the xˆ, yˆ or zˆ axes. After repeating the experi-
ment sequence ∼ 105 times, we evaluate XZ,φ, YZ,φ, and
ZZ,φ. Figure 2c displays the results of this measurement
procedure for a Z-measurement as a function of Vm. A
measurement with Vm = 0 yields no information about
the qubit state leaving it unperturbed. A strongly pos-
itive(negative) value of Vm, while rare, corresponds to a
significant motion of the qubit toward the |0〉(|1〉) state.
For the φ-measurement (Fig. 2d), Zφ is uncorrelated with
the measurement signal. Here Vm conveys information
about the phase shift of the qubit state resulting from the
fluctuating intracavity photon number. For both types of
measurement, the results show excellent agreement with
theory for η = 0.49.
We have so far demonstrated that the integrated mea-
surement signal provides a faithful record of the fluctu-
ations of the environment and the associated motions of
the qubit state. Moreover we observe that the direction
of motion of the qubit state depends on the amplifica-
tion quadrature. In order to examine quantum trajec-
tories of the system, we divide the measurement signal
into successive yet cumulatively integrated segments. As
such, the measurement signal can be written as a string
{Vm(τ0), Vm(τ1), Vm(τ2), . . . }, where τi+1 − τi = 16 ns.
At each time point, Vm(τi) can be used to infer a quan-
tum trajectory for the qubit state as it evolves under
measurement. In Fig. 3 we present measurement traces
along with the quantum trajectory of the system associ-
ated with each noisy measurement trace. The trajecto-
ries show how the quantum system evolves stochastically
from an initial state prepared along xˆ toward a final state.
Measurement inefficiency and additional dephasing limits
the accuracy with which the state can be tracked, which
we display as a gradual shortening of the estimated trans-
verse coherence of the qubit state.
To verify that we have accurately inferred the quan-
tum trajectory of the system corresponding to a given
measurement signal we perform quantum state tomogra-
phy on an ensemble of experimental iterations with sim-
ilar measurement values. A tomographic reconstruction
of the trajectory is obtained by making measurements
of variable duration τi and subsequently measuring the
projection of the qubit state along one of the Cartesian
axes of the Bloch sphere. Only measurements with values
that are within ± of the target value Vm(τi) contribute
toward determination of the ensemble properties X, Y,
and Z. As shown in the upper panels of Fig. 3, many dif-
ferent measurement signals that converge to Vm(τi) ± 
at τi are used in the tomographic reconstruction.
Figure 3 a,b display quantum trajectories that are ob-
tained for Z-measurements. The reconstructed trajec-
tories based on ensemble measurements, shown as solid
lines, are in reasonable agreement with the quantum tra-
jectories determined from a single measurement record
and reproduce many of the minute motions of the qubit
as it ultimately evolves toward its eigenstates of mea-
surement. Some trajectories highlight the concept of
quantum measurement reversal:25–28 in Fig. 3a, after
∼ 400, 600, and 1000 ns of measurement the qubit state
has been returned nearly to its original state, effectively
“reversing” the preceding partial collapse of the qubit
wavefunction. In Fig. 3c we display the measurement
record we obtain from a φ-measurement. The result-
ing quantum trajectory is confined to motions along the
equator of the Bloch sphere.
Full control over the environment of a quantum system
allows for the mitigation of decoherence through accu-
rate monitoring of fluctuations of the environment. Re-
alizing potential applications of quantum feedback4,5 in
quantum metrology and information science will require
measurement efficiencies approaching unity. While mea-
surement schemes based on projective measurements on
ancilla qubits obtain measurement efficiencies29 > 0.9,
the measurement efficiency η = 0.49 presented here
is among the highest reported values for a continuous
variable.4–6,11 As we discuss in Supplemental Informa-
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FIG. 3: Quantum trajectories. a,b Individual measurement traces obtained for Z-measurements with n¯ = 0.4. The top
panel displays Vm(τ) as a green line, with the inset displaying the instantaneous measurement voltage. The gray region
indicates the standard deviation of the distribution of measurement values. Measurement traces that converge to an integrated
value within the blue matching window are used to tomographically reconstruct the trajectory at that time point. A few
different measurement traces that contribute to the reconstruction at 1.2 µs (a) and 0.592 µs (b) are indicated in pastel colors.
The lower insets indicate the distribution of measurement values with the matching window indicated in blue. Quantum
trajectories obtained from analysis of the measurement signal are shown as dashed lines in the lower panel. Solid lines indicate
the tomographically reconstructed quantum trajectory based on the ensemble of measurements that are within the matching
window of the original measurement signal. c Individual measurement traces and associated quantum trajectory obtained for
a φ-measurement with n¯ = 0.4.
tion, further improvements in this efficiency will enable
us steer quantum systems through measurement.30
Methods Summary
The qubit consists of two aluminum paddles con-
nected by a double-angle-evaporated aluminum SQUID
deposited on double-side-polished silicon, and is charac-
terized by charging and Josephson energies Ec/h = 200
MHz and EJ/h = 11 GHz respectively. The qubit is
operated with negligible flux threading the SQUID loop
with ωq/2pi = 3.999 GHz. The qubit is located off center
of a 6.8316 GHz copper waveguide cavity.
The LJPA consists of a two junction SQUID, formed
from 2 µA Josephson junctions, shunted by 3 pF of capac-
itance, and is flux biased to provide 10 dB of gain at the
cavity resonance frequency. The LJPA is pumped by two
sidebands that are equally spaced 300 MHz above and be-
low the cavity resonance. A second following LJPA pro-
vides additional gain. A detailed experimental schematic
is shown in supplemental Fig. S1.
Experiment sequences start with an 800 ns readout
with S = 42 that is used to herald the |0〉 state at the
beginning of the experiment. A sample herald histogram
is shown in supplemental Fig. S2. Because |χ|  κ,
several peaks are visible corresponding to the many en-
ergy levels of the transmon qubit. After preparing the
|0〉 state we perform a 16 ns pi/2 rotation about the −yˆ
axis to initialize the qubit along the xˆ axis. Following a
variable duration we perform quantum state tomography,
which consists of either rotations about the xˆ axis, yˆ axis
or no rotation and a second 800 ns readout with S = 42.
A fraction (∼ 4%) of the final readouts find the qubit
outside of the {|0〉, |1〉} manifold and were disregarded in
the analysis. Tomography results are corrected for the
readout fidelity of 95%.
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Figure S1: Experimental schematic. The weak measurement tone is always on, and has a variable amplitude and phase. The
projective readout tone is pulsed, and adjusted to make a Z-measurement with S = 42. The amplitude and phase of the signal
displacement tone are adjusted to displace the measurement signals back to the origin of the X1X2 plane and allows the LJPA
to perform in the linear regime.
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In principle, the process of measurement involves continuous entanglement of the measurement signal with the qubit
state. As such, quadrature specific amplification of the measurement signal allows remote steering of the random
motions of the qubit state induced by measurement–a notion known as “EPR steering”. Proof of EPR steering can be
obtained by violation of the inequality[1]
SZ,φ ≡ 〈ZZ〉2 + 〈Xφ〉2 + 〈Yφ〉2 ≤ 1. (1)
Here, we define measurement-correlated ensemble averages, 〈Xφ〉 = ´ XφP (Vm)dVm, where P (Vm) is the probability
distribution of measurement values. We similarly define 〈XZ〉, 〈ZZ〉, and 〈Yφ〉. As shown in Fig. S3, 〈ZZ〉 increases
with increasing n¯ as a larger number of measurement outcomes result in projection of the qubit, thereby purifying
the ensemble. Similarly,
√〈Xφ〉2 + 〈Yφ〉2 is larger than 〈XZ〉 indicating that the φ-measurement allows us to track
phase shifts imparted by the fluctuating intracavity photon number.
In our experiment we obtain SZ,φ ∼ 0.8 due to measurement inefficiency and extra environmental dephasing. We
independently measured 1.4 dB of attenuation of our measurement signal between the cavity port and the parametric
amplifier. We separate the measurement efficiency η = ηcolηamp, where ηcol = 0.72 is the collection efficiency and
ηamp = 0.68 is the amplifier quantum efficiency. While ηamp < 1 indicates that the amplifier does not operate
with unity quantum efficiency, our observation that ηamp > 0.5 indicates that the majority of the backaction of the
measurement depends the quadrature of amplification. In this way, the amplification process guides the stochastic
evolution of the qubit state, but not to an extent that allows a demonstration of EPR steering.
[1] Wiseman, H. M. & Gambetta, J. M. Are dynamical quantum jumps detector dependent? Phys. Rev. Lett. 108, 220402
(2012).
